This study examines the impact of stochastic harvest field time on profit maximizing potential of corn cob/stover collection in North Dakota. Three harvest options are analyzed using mathematical programming models. Our findings show that under the first corn grain only harvest option, farmers are able to complete harvesting corn grain and achieve maximum net income in a fairly short amount of time with existing combine technology. However, under the second simultaneous corn grain and cob (one-pass) harvest option, farmers generate lower net income compared to the net income of the first option. This is due to the slowdown in combine harvest capacity as a consequence of harvesting corn cobs. Under the third option of separate corn grain and stover (two-pass) harvest option, time allocation is the main challenge and our evidence shows that with limited harvest field time available, farmers find it optimal to allocate most of their time harvesting grain and then proceed to harvest and bale stover if time permits at the end of harvest season. The overall findings suggest is that it would be more economically efficient to allow a firm that is specialized in collecting biomass feedstock to participate in cob/stover harvest business.
Introduction
The US ethanol demand has steadily increased following passage of Renewable Fuel Standard (RFS) and the Energy Independence and Security Act of 2007 (EISA). Most domestic ethanol production utilizes corn grain as feedstock. Rising corn prices are encouraging current and potential ethanol producers to seek alternative feedstocks, especially cellulosic sources. EISA defines three classes of biofuels, conventional, advanced, and cellulosic. These classes are differentiated based on potential reduction of greenhouse gas (GHG) emissions of 20%, 50%, and 60%, respectively. Cellulosic biofuels are shown to have higher GHG offset rates than grain-based biofuels [1] . Comparatively more GHG can be reduced through the use of cellulosic feedstock such as corn stover comprised of stalk, leaves, husks, and cobs than corn grain to produce biofuels. Because of its potential in reducing GHG emissions, corn-stover-based ethanol can be qualified as cellulosic biofuel per the federally mandated RFS. By 2022, cellulosic ethanol consumption of 16 billion gallons per year will be required, creating a niche market opportunity.
Existing biofuel producers are striving to develop cellulosic biofuels that qualify under EISA.
Greater reliance on corn stover as a bioenergy feedstock poses a logistical challenge for farmers who face limited harvest field time. Harvest in fall is especially difficult in North Dakota because cool temperatures and wet conditions coupled with limited harvest field time can result in a sizeable acreage being left unharvested. According to O'Brien [2] , about 68.7 million bushels of corn in North Dakota were reported to be left unharvested in 2009. Collecting corn cob/stover can be a challenge while trying to get the grain harvest done on time. In addition, corn producers do not have sufficient information to evaluate the economic investment returns from producing corn cob/stover. Many studies [3] [4] [5] [6] [7] [8] have examined the economics of corn stover supply for biofuel production. While these studies have focused on estimating costs of harvesting corn stover as a whole, only few studies have particularly given emphasis on examining the economics of supplying corn cobs as a potential feedstock using up-to-date harvesting technologies. Chippewa Valley Ethanol Company (CVEC) 2 Economics Research International [9] has published a feasibility report on the use of corn cobs as a sustainable source of biomass for providing thermal energy for its corn grain ethanol process. The company utilized two different cob harvest systems to demonstrate cob harvesting on 3,200 acres of land. Zych [10] estimated potential US corn cob production and reviewed logistical issues associated with collection and storage of corn cobs. The aforementioned studies did not take into account the viability and profitability of farmer investment in cob and stover harvest business. Using a stochastic linear programming model, Bouzaher and Offutt [11] investigated the feasibility and profitability of farm residue collection. In their model, they considered the sensitivity of grain and residue collection to the availability of days suitable for field work at harvest time. Apland et al. [12] employed the discrete stochastic programming model to examine the impact of production process, sequential decision making, and fall field time availability on crop residue supply in midwestern US grain farms. Recently, Erickson and Tyner [13] examined the economics of harvesting corn cobs for energy generation using their farm plan model. However, the authors did not consider harvest field time constraint in their model.
Using North Dakota as a case study, the goal of this paper is to investigate the economics of producing corn cob and stover under limited harvest field time. Specifically, our purpose is to assess the viability of farmers' investment in corn cob and stover harvest business under three different harvest options, and to analyze economic tradeoffs between corn grain and cob/stover harvest activities given limited availability of harvest field time. In addition, the impact of changes in farm size and tillage practice on net farm revenue will be examined. The three harvest options which we subsequently address include: (i) corn grain only harvest option, (ii) simultaneous corn grain and cob (one-pass) harvest option, and (iii) separate corn grain and stover (twopass) harvest option. Results from this study will contribute to the growing literature on the economics of producing alternative feedstock in the United States.
Methodology, Data Description, and Assumptions
This section starts with the descriptions of three harvest models followed by yield and cost estimation for corn grain, cob, and stover and the descriptions of data and assumptions used in the models.
Corn Grain Harvesting.
The following linear programming model which maximizes net income is used to examine the production of corn grain:
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Based on Apland [14] and Bouzaher and Offutt [11] , we assume that = 1, . . . , 4 represent four two-week harvest periods which run from the end of September till the end of November. is the price of corn grain in dollar per short ton. is denoted as the quantity of corn grain sold in tons. is defined as corn grain harvest and production costs in dollar per acre. is denoted as acres of corn grain harvested. Yld , represents per acre corn grain yield in each harvest period . and are, respectively, denoted as labor and combine time required per acre to harvest corn grain in each harvest period. Both combine and labor times are, respectively, constrained byCFT andLFT which represent stochastic combine and labor harvest field times expressed in hours. is defined as total farm land acres that are available for corn grain harvest.
The objective function (see (1)) of the optimization problem is to quantify the net return of corn grain harvesting at the farm level. Equation (2) balances corn grain sales with production. Equations (3) and (4) constrain the total amount of combine and labor times available for harvesting corn grain. Equation (5) limits the amount of land available for grain farming.
Simultaneous Corn Grain and Cob (One-Pass) Harvesting .
The following linear programming model is used to examine the viability of producing corn grain and cob simultaneously:
≥ 0; cb ≥ 0; ≥ 0, = 1, . . . , 4. (13) cb is the price of corn cob in dollar per short ton. cb is denoted as the quantity of corn cob sold in ton.
is defined Economics Research International 3 as corn cob harvest cost in dollar per acre. is denoted as acres of corn grain or cob harvested. Yld cb, represents per acre corn cob yield in each harvest period . is denoted as corn combine and cob harvester (attached to the back of combine) times required per acre to harvest corn grain and cob in each harvest period and is constrained by available combine harvest field time. Similarly, is denoted as labor time required per acre to harvest corn grain and cob and is restricted by the available labor harvest field time. is defined as total farm land acres available for corn grain and cob harvest. The one-pass cob harvest method is employed in this study because of its simplicity, efficiency, and commercial availability. Detailed explanations and specifications of the cob harvester are described in the subsequent Section 2.6.
The objective function (see (7) ) of the optimization problem is to quantify the net return potential associated with the adoption of corn cob harvesting technology. Equation (9) balances corn cob sales with production. Equations (10) and (11) constrain the total amount of machine and labor time available for harvesting corn grain and cob simultaneously. Equation (12) limits the amount of land available for corn grain and cob farming.
Separate Corn Grain and Stover (Two-Pass) Harvesting.
The linear programming model based on Bouzaher and Offutt's model [11] which maximizes net return is used to investigate the profitability of harvesting corn grain and stover separately. The model is written as follows:
cs is the price of corn stover in dollar per ton. cs is denoted as the quantity of corn stover sold in ton. , is denoted as corn stover harvested in ton in period of corn grain harvested in period with > . , is defined as corn stover harvest cost in dollar per ton. is denoted as labor time required per acre to harvest corn grain in period . ℎ , is denoted as labor time required per ton to harvest corn stover in period of corn grain harvested in period . , is defined as baling time required per ton to bale corn stover in period of corn grain harvested in period .BFT represents stochastic baling field time expressed in hours available in each period . is defined as total farm land acres available for corn grain harvest. represents stover yield in ton per acre of grain harvested in period .
The objective function (see (14) ) of the optimization problem is to quantify the net return potential associated with harvesting corn grain and stover separately using conventional technology. We assume that a conventional tractor and baler are used to harvest stover. Detailed explanations and specifications of the tractor and baler are described in the subsequent Section 2.7. Equation (16) balances corn stover sales with production. Since corn grain and stover are harvested separately, in the first period only corn grain can be harvested. All grain harvests are assumed to be completed by the end of the third period (i.e., = 1, . . . , 3). Stover baling starts in the second period and ends in the final period (i.e., = 2, . . . , 4). Equation (18) limits the total amount of labor time available for harvesting corn grain in the first period. Equation (19) constrains the total amount of labor time available for harvesting both corn grain and stover. Equation (20) restricts the total amount of labor time available for harvesting and baling corn stover in the final period. Equation (21) prohibits stover baling time from exceeding the limits. Equation (22) limits the total land acres available for corn grain harvesting. Equation (23) restricts the total corn stover harvested in future period to not exceed the total current supply availability in period .
Corn Cob and Stover Yield Estimation.
Crop residue cover is very important for preventing water and wind erosion during winter months following harvest. Wind erosion is a serious problem in North Dakota, especially in the eastern part of the state [15, 16] . The amount of stover/cob that can be removed for biofuel production can be estimated using the following equation:
Rstover/Rcob is the quantity of removable stover/cob in dry ton per acre. Grain yield is the weighted average yield of grain crop in bushels per acre. Weight is the weight of grain in 4 Economics Research International short ton per bushel converted by dividing bushel weight of 56 pounds per bushel with 2,000 pounds per short ton. SGR is defined as a stover-to-grain ratio and it is assumed to be 1 : 1 based on Lal [17] . CGR is defined as a cob-to-grain ratio and it is calculated as 1 : 5.6 based on Wiselogel et al. [18] . Removal% is the percent of stover/cob that can be removed for biofuel production. Considering wind erosion and other factors, we assume that 35 percent of corn stover can be removed from farm fields [19] . Since CVEC [9] and Roberts [20] suggest that removal of corn cobs may have little impact on soil productivity, Removal% for cob is assumed to be one. Moisture% is the percent of moisture content contained in stover/cob and is assumed to be 20 percent for both cobs and stover. Grain yield data were obtained from the USDA National Agricultural Statistics Service. The yield data are based on the five-year (2005 to 2009) average data by county in North Dakota. Estimated results for corn stover and cob availability in dry ton in North Dakota are reported in Table 1 by climatic region.
Cost Estimation for Corn Grain
Harvesting. Corn grains are assumed to be harvested using a 275 HP combine. Combine horse power, corn head width, life, annual hours of use, speed, field efficiency, fuel price, list price (which includes corn and grain head prices), and labor costs listed in Table 2 were obtained from Lazarus and Smale [21] . Fuel consumption, capacity of combine, and fixed and repair costs are computed based on the method and formulas illustrated in Edwards [22] . Fuel cost is obtained by multiplying fuel consumption with fuel price. Lubrication cost is assumed to be 15% of fuel cost. Variable cost is calculated by adding up repair, fuel, lubrication, and labor costs. Total harvest cost for corn grain using a 275 HP combine is computed to be $28.71 per acre as shown in Table 2 .
Cost Estimation for Simultaneous Corn Grain and Cob (One-Pass)
Harvesting. Corn cob harvest cost is estimated using whole cob harvest option. According to Shirek [23] and Wehrspann [24] , one-pass cob harvester like Cob Caddy involves little modification to the combine and uses equipment available commercially to harvest whole cobs. Due to its simplicity, efficiency, and commercial availability, the one-pass cob harvest method is employed to estimate corn cob harvest cost. We assume that the one-pass cob harvest method requires farmers to use a self-propelled 275 HP corn combine harvester and a pull-behind wagon-style cob harvester. Table 3 describes the machinery operation and estimated cost information for cob collection operation. The method of cost estimation for corn combine in Table 3 is exactly the same as that in Table 2 . The main difference between the two tables in corn combine usage is the speed traveled and the capacity of combine.
Harvesting corn cobs requires an attachment of cob harvester to the back of corn combine. According to CVEC [9] , this can slow down the corn grain harvest time by as much as half. Because of the use of cob harvester, the speed of corn combine is assumed to reduce by 50% (i.e. from 4 mph to 2 mph in Table 3 ) for the baseline case. Another field study conducted by Darr [25] using stover harvester shows similar results. This would result in the corn combine capacity being reduced by half compared to the combine capacity in corn grain only harvest option. As a consequence of this reduction in corn combine speed and capacity, total harvest cost for corn grain increases from $28.71 per acre to $57.43 per acre. Similar cost computations are implemented for cob harvester as shown in Table 3 . The data for cob harvester were obtained by personal communication with Vermeer Corporation. Since cob harvester is attached to the back of corn combine, no additional labor is required to operate the machine and its capacity is dependent on the capacity of corn combine. The cost of harvesting corn cob is calculated to be $19.36 per acre. Table 4 reports the scenarios for the impact of changes in corn combine speed/capacity due to the use of cob harvester on corn grain and cob harvest costs. The table clearly shows that the impact of corn combine speed/capacity on grain and cob harvest costs can be significant.
Cost Estimation for Separate Corn Grain and Stover (Two-Pass)
Harvesting. Under this option, we assume that a tractor and baler are used to harvest corn stover and that a self-propelled 275 HP corn combine is used to harvest corn grain. Because corn grain and stover are harvested separately, there will be no slowdown in combine harvest speed/capacity. Thus, corn grain harvest cost will be identical to that of Table 2 . It is assumed that a 130 HP MFWD Tractor is used along with 3 × 3 Large Rectangular Baler to harvest stover. Specifications and data for the tractor and baler obtained from Lazarus and Smale [21] are shown in Table 5 which indicates that total harvest costs for the tractor and baler are summed up to be $10.76 per acre. In addition, stover shredding and raking costs need to be included, since shredding of stover may be necessary because some of them will be in stalks anchored to the ground after grain harvesting. The anchored pieces of biomass are difficult to cut and bale in a single operation. Large pieces of biomass would make better bales but shredding followed by raking will accelerate field drying [3] . Based on Petrolia's [6] estimation, the total shredding and raking cost of $12.02 per acre is added to total variable and fixed costs to generate the total stover harvest Economics Research International 5 attached to the back of combine [9] . The combine capacity data is based on Lazarus and Smale [21] and labor capacity data is determined based on a factor of 0.80 [27] . For example, if the combine capacity is 6.79 ac/hr then the labor capacity is estimated to be 5.43 (0.8 * 6.79) ac/hr. Corn cob and stover prices of $55/ton and $45/ton were assumed based on the information obtained from an ethanol company currently operating in the United States. Under the grain and cob one-pass harvest option, because of the use Total harvest field days Base 5% YldDec 5% YldDec-5% CostDec 5% YldDec-10% CostDec Figure 5 : Scenarios for impact of yield and production cost on net farm profit for simultaneous corn grain and cob harvesting (assumed 50% capacity slowdown due to cob harvesting). Tables 1 and 3 . Under the grain and stover twopass harvest option, corn stover can be harvested only after grain is harvested. Thus, grain harvest capacity will not be affected under this option. As illustrated above, our estimated stover harvest cost and state-average stover yield are $33.53 per ton and 0.68 ton per acre respectively. Baler and labor baling capacities are respectively calculated to be 9.7 ac/hr and 7.76 ac/hr. Labor baling capacity is determined based on a factor of 0.80. Harvest field day data reported in Table 7 for North Dakota were collected from the USDA National Agricultural Statistics Service [28] . Each period of harvest field time is assumed to last for two weeks.
Empirical Results
Results can be deterministic or stochastic as farmer's net return will change if corn/cob/stover price, yield, and field time fluctuate. Deterministic results are the results that contain no risk or random component. On the other hand, stochastic results are estimated using a random component (in this case random harvest field time) to generate a sample of outcomes. For both deterministic and stochastic models, we assume that farmers spend 12 working hours per day harvesting corn grain and cobs, and baling stover. As discussed, there are a total of four harvest periods and each period is assumed to last for two weeks. For the baseline scenario, the maximum harvestable acreage or farm size is assumed to be 2,000 acres.
Corn Grain Harvesting
3.1.1. Deterministic Results. By incorporating data assumptions into the corn grain only harvest optimization model, deterministic optimal outcomes for net farm profit, corn grain sold, and harvested acres are generated and shown in Table 8 for two scenarios with differing harvest field time (expressed in hours) in each period. The table shows the positive correlation between corn acres harvested and harvest field time. In scenario one, about 106 corn acres are left unharvested due to harvest time limit and the shadow price of $1,040.89 suggests that if corn combine harvest time can be increased by an additional hour, then farmers can benefit from their net profit increase from $362,783 to $363,823. In scenario two, with more harvest field hours available in each period, more corn grain acres can be harvested until farmers finish harvesting all corn acres in the final period. The shadow price of $191.52 suggests that farmers are able to complete harvesting all 2,000 corn acres and if an additional corn acre is available for harvesting, farmers can increase their net profit by $191.52. [29] , 1,000 random numbers of field days (expressed in hours) are generated based on a uniform distribution. These random field days are incorporated into the corn grain only harvest model to estimate random outcomes which show the impact of harvest field time variations on net farm income, corn grain sold, and corn acres harvested. When simulating random outcomes we allow harvest field time to change and all other variables such as corn price, yield and cost are assumed to be constant. GAMS software [30] is used to simulate these random outcomes. Simulated outcomes are reported in Table 9 and Figure 1 . The table indicates that variations in harvest field time will have an impact on the net farm profit. Maximum net income that farmers can obtain from harvesting corn grain is $383,049 with all 2000 farm acres harvested. Figure 1 implies that harvest field time and net profit are positively correlated until all farm acres are harvested that is, until profit maximization is achieved. As shown in the figure, farmers in North Dakota would need a total of 31 harvest field days with 12 working hours each day to finish harvesting 2,000 corn acres. Figure 2 depicts a distribution histogram for the total harvest field days available. It shows that with 90% confidence total harvest field days range from 30.91 to 42.69 days. 
Simultaneous Corn Grain and Cob
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Economics Research International addition to selling 8,080 tons of corn grain. However, if cob harvesting results in the slowdown of corn combine harvest capacity, then farmers can incur a loss of $6,460 for 25% capacity reduction scenario or a loss of $119,054 for 50% capacity reduction scenario. The loss in revenue is mainly due to the slowdown in harvest capacity as a result of cob harvesting. Given that corn harvest time is constrained by the limited availability of harvest field time in each period, farmers would not be able to maximize their net returns because of the slowdown. The 25% combine capacity reduction scenario in Table 10 (a) shows that all 2,000 acres of grain and cob can be harvested but their net profit is reduced compared with the net profit of no capacity reduction scenario. This is because the 25% slowdown in combine harvest capacity results in an increase in corn grain and cob harvest costs (this is illustrated in Table 4 ) which decrease net profit. The table also shows that about 377 corn acres are left unharvested if corn combine harvest capacity slows down by 50%. Either the availability of harvest field time would have to increase or farmers would have to invest in additional harvest equipment and labor to finish all the harvesting to achieve maximum profit potential. Shadow prices corresponding to the three scenarios are given in Table 10 (b). They can be interpreted in a similar manner as was done for the corn grain only harvest case.
Stochastic Results.
Assuming that other variables such as corn grain and cob prices, costs, and yields remain unchanged, variations in harvest field time will change the net farm income of producing corn grain and cob. Increase in the availability of harvest field time would increase the amount of corn grain and cob harvested and thus increase net farm profit as shown in Figures 3(a) and 3(b) . For a 2000acre farm, all grain and cob can be harvested within 33 harvest field days for all the scenarios except 50% harvest capacity reduction scenario (Figure 3(a) ). Harvest field time and net farm profits are positively correlated until all farm acres are harvested (Figure 3(b) ). For the 50% harvest capacity reduction scenario, more harvest field days will be needed to finish all the harvesting and achieve profit maximization. Field studies conducted by CVEC [9] and Darr [25] indicate that corn combine harvest capacity can be reduced by as much as 50% because of the use of cob/stover harvester. Results in the figure do not favor the simultaneous grain and cob harvesting because the reduction in combine harvest capacity causes net farm profit to be lower compared to the corn grain only harvest option. Hence, in that sense harvesting corn grain alone might be more profitable than harvesting a combination of grain and cob simultaneously as suggested in Figure 3 
Separate Corn Grain and Stover Harvesting
Deterministic
Results. Results generated based on two different field time scenarios are reported in Table 11 . In both scenarios we assume that farmers can spend 12 hours per day harvesting and baling stover using the available harvest field time. As described in Section 2, there are a total of four harvest periods and corn grain harvest must be completed within the first three periods. Stover harvesting and baling can take place only when corn grain harvest is completed. Hence, no stover can be harvested and baled in the first period and no corn grain can be harvested in the final period. All grain and stover harvest activities need to be completed within four harvest periods. In scenario one in the table, total acres of corn grain harvested (1,933 acres) fell short of maximum 2,000 acres. This is because part of the farmers' time has been allocated to harvesting and baling stover in the final period and some acres of corn would be left unharvested.
The first scenario in the table also shows that no stover is harvested in the second and third periods. This is due to the fact that farmers find it optimal to allocate all of their time to harvest corn grain instead of stover during these two periods. The negative shadow price of $186.3 in the first scenario implies that if farmers were to attempt to harvest corn stover in either second or third harvest period, their net profit will decrease by $186.3 per ton of stover harvested. As suggested in the table, all stover harvest time is optimally allocated to the final period since no grain can be harvested during this final period. The shadow prices of $1,040.89 (for grain) and $60.37 (for stover) in the first scenario indicate that it would be much more valuable for farmers to harvest corn grain than stover if an additional harvest field hour is available.
In the second scenario of Table 11 , we assume that more harvest field time is available in each period as compared to the first scenario. As expected, farmers are able to finish harvesting all 2,000 corn acres in this second scenario as more time is available. The shadow price of $60.37 in the second scenario suggests that if an extra harvest field hour is available, famers are better off harvesting stover since they are assumed to have perfect information and are expected to complete harvesting all corn grain acres on time. The maximum amount of stover harvested in the first scenario is about 647 tons and in the second scenario is 960 tons. The difference in the net profit between the first and second scenarios can be explained by the difference in corn stover sold or harvested.
Stochastic
Results. Fluctuations in harvest field time will have an impact on the amount of corn grain and stover harvested which in turn will have an effect upon the net farm income as indicated in Table 12 . Results in the table were simulated under the assumption that all other variables remain constant except harvest field time. The table suggests that as the availability of harvest field time increases farmers are willing to allocate a little more of their time to harvest stover in the second and third periods although the final period remains the critical period when farmers spend most of their time on harvesting and baling stover. Figure 4 analyzes the relationship between corn grain and stover harvested in tons as the availability of harvest field time increases. The figure shows that, for a 2000-acre farm, the amount of corn grain and stover harvested can fluctuate depending on the harvest field time availability in each period. The fluctuations of corn grain and stover harvested as available field time changes in each period can be explained numerically using Table 13 . For example, if we compare scenarios 1, 2 and 3 in the table, the differences in stover harvested in tons can be explained by the differences in harvest field time in the final period 4 when most stover harvesting and baling take place. In the table, harvest field time in the final period for scenario 3 is higher than that of scenario 1 or 2, and consequently total stover harvested in the third scenario would be higher. Given the limited availability of harvest time, as more (less) labor time is allocated to harvesting stover less (more) would be available for harvesting corn grain and this would have an impact on net farm profit as illustrated in the first three scenarios in Table 13 . When total availability of harvest field time increases to above 40 days as shown in the table (scenario 5-8), farmers would be able to finish harvesting all 2000 corn grain acres within the first three periods and allocate their remaining time on harvesting stover. From the table (scenario 5-8), we can see that once farmers realize that they can finish harvesting corn grain on time, they are willing to increase their time and effort on harvesting and baling stover as the availability of harvest field time increases. This results in an increase in tons of stover harvested and consequently an increase in net profit. This explains why grain and stover lines in Figure 4 are getting smoother rather than fluctuating up and down once total harvest field days exceed above 40. Generally, the figure shows that as harvest field time increases the quantities of corn grain and stover harvested tend to trend upward gradually.
Impact of Farm Size and Tillage Practice on Cob and Stover Harvesting
Changes in farm sizes can also have an impact on the amount of corn grain, cob, and stover harvested. Our results (not reported here to save space) suggest that, under the grain and cob one-pass harvest option as farm size increases, farmers would need to add more harvest capacity to finish harvesting both grain and cobs (as compared to the corn grain only harvest option) since the use of cob harvester slows down the harvest. Under the grain and stover twopass harvest option, as farm size increases the availability of harvest field time could become a very limited factor. Farmers would increasingly find it difficult to allocate their labor time on harvesting both grain and stover as farm size increases. Variations in the use of soil tillage system would result in changes in yield and production cost among farms with different soil types. This would have an impact on farmers' net returns of harvesting corn grain, cob and stover. Our evidence reported in Figure 5 for the grain and cob one-pass harvest option shows that a small decrease in corn yield due to changes in tillage practice results in a large decline in the net profit of harvesting corn grain and cob. The figure also indicates that the decline in yield must be accompanied by the reduction in production cost in order for net farm profit to improve.
Summary and Conclusion
By employing the three linear programming models with different corn grain and residue harvest options, net farm returns were analyzed under changing harvest field time in order to gain insights into the economic tradeoffs between corn grain and cob/stover harvest activities in North Dakota. Emphasis was placed on understanding the impact of harvest field time on profit maximizing potential of corn farmers. Harvest field time can be very limited in North Dakota because of rainfall and early frost. Randomized fall harvest field times were incorporated into our models to create stochastic outcomes which show that variations in the availability of field time can have a great impact on net farm profits. Among the three harvest options analyzed, simultaneous corn grain and cob one-pass harvest method may not be an optimal choice for biomass feedstock production unless farmers are compensated for their potential losses due to harvest capacity slowdown. On the other hand, time allocation is the major problem when farmers choose the option of harvesting corn grain and stover separately under the two-pass harvest method. If more labor time is allocated to harvesting stover, less would be available for harvesting corn grain and this would impact farmers' net profits. Because part of farmers' time has to be allocated to harvesting and baling stover, with limited availability of harvest field time some acres of corn grain could be left unharvested. In addition to limited harvest field time, another problem associated with harvesting and baling corn stover is the moisture content. High stover moisture content can affect harvest timing and result in storage losses [31, 32] . Due to low temperatures and frequent rainfall during fall harvest season, the time required for stover to reach baling moisture after corn grain harvest has been reported to take from several days to weeks [32, 33] . This will further limit the availability of harvest field time. Examining the impact of stover moisture content on harvest field time limits is beyond the scope of this paper. This will be an interesting topic to consider for future studies.
Because of limited harvest field time in North Dakota, a frequent suggestion is for farmers to hire additional labor to operate the farm machinery. However, additional farm labor is difficult to find in rural areas of the state. At present, labor shortage is becoming more acute in the state due to the rapidly rising oil and gas production and coupled with the fact that the state has the lowest unemployment rate in the nation. Moreover, large tractors and new stover collection equipment are highly sophisticated. Any new farm laborer would need extensive training and oversight, again burdening farmers who are already busy during harvest time. Furthermore, farmers are unwilling to take any risk of holding a large inventory of corn cob/stover and prefer to have an external party bale, store, and transport the goods [34] . Based on our evidence in this paper, we believe that it would be more efficient economically to allow an external party (either a biofuel firm or a firm that specializes in collecting biomass feedstock) to participate and invest in cob/stover harvest business.
